Abstract. At the southern tip of Africa, the Agulhas Current reflects back into the Indian Ocean causing so-called "Agulhas rings" to spin off and release relatively warm and saline water into the South Atlantic Ocean. Previous reconstructions of the dynamics of the Agulhas Current, based on paleo-sea surface temperature and sea surface salinity proxies, inferred that Agulhas leakage from the Indian Ocean to the South Atlantic was reduced during glacial stages as a consequence of shifted wind fields and a northwards migration of the subtropical front. Subsequently, this might have led to a buildup of warm saline water in the southern Indian Ocean. To investigate this latter hypothesis, we reconstructed sea surface salinity changes using alkenone δD, and paleo-sea surface temperature using TEX H 86 and U K' 37 , from two sediment cores (MD02-2594, MD96-2080) located in the Agulhas leakage area during Termination I and II. Both U K' 37 and TEX H 86 temperature reconstructions indicate an abrupt warming during the glacial terminations, while a shift to more negative δD alkenone values of approximately 14 ‰ during glacial Termination I and II is also observed. Approximately half of the isotopic shift can be attributed to the change in global ice volume, while the residual isotopic shift is attributed to changes in salinity, suggesting relatively high salinities at the core sites during glacials, with subsequent freshening during glacial terminations. Approximate estimations suggest that δD alkenone represents a salinity change of ca. 1.7-1.9 during Termination I and Termination II. These estimations are in good agreement with the proposed changes in salinity derived from previously reported combined planktonic Foraminifera δ 18 O values and Mg/Ca-based temperature reconstructions. Our results confirm that the δD of alkenones is a potentially suitable tool to reconstruct salinity changes independent of planktonic Foraminifera δ 18 O.
Introduction
Approximately 2-15 Sv of warm and saline Indian Ocean water is annually released into the South Atlantic Ocean by the Agulhas Current, an ocean current system that is confined by the subtropical front (STF) and the southern African coast (Lutjeharms, 2006) . The Agulhas Current is fed by warm, saline Indian Ocean water from two sources: the Mozambique Channel, between Madagascar and the East African coast, and the East Madagascar Current, which merges with the Mozambique Channel flow at approximately 28 • S (Penven et al., 2006) . When this warm, saline water reaches the Agulhas corridor at the tip of Africa, the vast majority is transported back into the Indian Ocean via the Agulhas return current (Fig. 1) . However, between five and seven rings of warm, saline water are released into the Atlantic Ocean per year, termed Agulhas leakage (Lutjeharms, 2006) . These Agulhas rings of Indian Ocean waters have been shown to play an important role in the heat and salt budget in the Atlantic Ocean, thereby impacting the Atlantic Meridional Overturning Circulation (AMOC) (Peeters et al., 2004; Biastoch et al., 2008; Bard and Rickaby, 2009; Haarsma et al., 2011; van Sebille et al., 2011) . (Peeters et al., 2004) , MD96-2077 (green dot) (Bard and Rickaby, 2009 ) and oceanographic setting on (a) a map of modern sea surface temperatures and (b) a map of modern sea surface salinity. Agulhas Current (AC), Agulhas return current (ARC), Agulhas rings (AR) and subtropical front (STF). The underlying maps of modern sea surface temperatures and salinity were compiled with high-resolution CTD data from http://www.nodc.noaa.gov and the Ocean Data View software version 4.3.7 by Schlitzer, R., Ocean Data View (http://odv.awi.de), 2010.
The magnitude of Agulhas leakage into the Atlantic Ocean depends on the strength of the Agulhas Current as well as the position of the retroflection (Lutjeharms, 2006) . However, the effect of Agulhas Current strength on the Agulhas leakage efficiency is still debated. For instance, Rouault et al. (2009) suggested that, based on recent temperature observations and modeling experiments, increased Agulhas leakage of warm and saline waters into the South Atlantic Ocean can be associated with increased Agulhas Current transport, while modeling experiments performed by van Sebille et al. (2009) suggested increased Agulhas leakage to be associated with a weakened Agulhas Current.
Previous studies have shown that during glacial stages a weakened and more variable Agulhas Current occurs together with reduced Agulhas leakage (Peeters et al., 2004; Franzese et al., 2006) . Peeters et al. (2004) found relatively low contributions of "Agulhas leakage fauna" in the Cape Basin, suggesting a reduced Agulhas leakage during glacial stages (Rau et al., 2002; Peeters et al., 2004) , coinciding with low sea surface temperatures (SSTs). This suggests a restriction in the Agulhas leakage during cold periods (Peeters et al., 2004) . Furthermore, deep-ocean stable carbon isotope gradients have been applied in combination with sea surface temperature reconstructions as indicators of a connection between deep-water ventilation and Agulhas leakage strength (Bard and Rickaby, 2009 ). The results demonstrate that a reduced leakage typically correlates with reduced deep ventilation (Bard and Rickaby, 2009) .
A northward shift of the STF and eastward forcing of the retroflection during glacial periods may have led to an increased back transport of warm, saline water into the Indian Ocean during glacial periods (Peeters et al., 2004) . Martinez-Mendez et al. (2010) showed increased sea water oxygen isotope (δ 18 O sw ) values, derived from paired planktonic Foraminifera δ 18 O and Mg/Ca analysis of Globigerina bulloides, in the Agulhas leakage area throughout marine isotope stage 6 (MIS6) and marine isotope stage 3 (MIS3) and early marine isotope stage 2 (MIS2). These elevated δ 18 O sw values are likely indicative for increased salinity (Martinez-Mendez et al., 2010) . However, it should be noted that salinity reconstructions, based on planktonic Foraminifera δ 18 O sw values, carry some uncertainties that are difficult to constrain, e.g., assumed constancy for the transfer functions of δ 18 O sw to salinity over space and time (Rohling and Bigg, 1998; Rohling, 2000) . Martinez-Mendez et al. (2010) further reported that reconstructed SST, derived from the planktonic Foraminifera Mg/Ca of G. bulloides, displayed a gradual warming trend starting in the early MIS6 and MIS2 (Martinez-Mendez et al., 2010) . This is, however, in contradiction with temperature reconstructions based on U K 37 paleothermometry (Peeters et al., 2004; Martinez-Mendez et al., 2010) , which showed cooler sea surface temperatures during glacial periods, followed by a rapid warming at the onset of the interglacial stages. These differences may be related to uncertainties associated with the different temperature proxies (Bard, 2001) . Planktonic foraminiferal Mg/Ca ratios have been shown to reflect not only temperature, but also salinity (Ferguson et al., 2008; Arbuszewski et al., 2010 , Hönisch et al., 2013 . This has been demonstrated in high-salinity environments such as the Mediterranean Sea (Ferguson et al., 2008) , and in open ocean settings such as the tropical Atlantic Ocean (Arbuszewski et al., 2010) . Furthermore, U K 37 -SST relationships are derived from photosynthetic haptophyte algae with different growth seasons and (depth) habitats than the planktonic Foraminifera G. bulloides, potentially recording different temperature ranges (Prahl and Wakeham, 1987; Bard, 2001) .
We use the hydrogen isotope composition of the combined C 37:2−3 alkenones (δD alkenone ), produced by haptophyte algae, as a proxy for relative changes in sea surface salinity (SSS). Culture experiments for two common open ocean haptophyte species -Emiliania huxleyi and Gephyrocapsa oceanica -have shown that the hydrogen isotope composition of alkenones is mainly dependent on salinity, the hydrogen isotope composition of the growth media and, to a lesser extent, growth rate (Englebrecht and Sachs, 2005; Schouten et al., 2006) . Furthermore, van der Meer et al. (2013) showed that measuring the combined C 37:2−3 δD alkenone rather than separated C 37:2 and C 37:3 alkenones yields a more robust water δD and salinity signal, possibly by reducing biosynthetic effects related to the synthesis of the C 37:3 alkenones from the C 37:2 (Rontani et al., 2006) . Application of the hydrogen isotope composition of alkenones has resulted in reasonable salinity reconstructions for the eastern Mediterranean and Black Sea (van der Meer et al., 2007 (van der Meer et al., , 2008 and hydrological reconstructions in the Panama Basin (Pahnke et al., 2007) . Here, we apply the δD alkenone to estimate relative salinities of the Agulhas system focusing on Termination I and Termination II using the same cores used by Martinez-Mendez et al. (2010) , situated in the Agulhas leakage area, off the coast of South Africa (Fig. 1) . In order to assess the effect of growth rates on δD alkenone , we measure the stable carbon isotope composition of the combined C 37:2−3 alkenones (δ 13 C alkenones ) on samples from glacials and interglacials (Rau et al., 1996; Bidigare et al., 1997; Schouten et al., 2006) . Furthermore, we reconstruct SST using the TEX H 86 proxy (Schouten et al., 2002; Kim et al., 2010) and compare this with the U K' 37 and Mg/Ca record of the planktonic Foraminifera G. bulloides for the same sediment cores (Martinez-Mendez et al., 2010) . (Fig. 1) . Core MD02-2594 was taken during the RV Marion Dufresne cruise MD128 SWAF (Giraudeau et al., 2003) . Core MD96-2080 was obtained during the IMAGES II Campaign NAUSICAA (Bertrand, 1997) . Age models and records of Globigerina bulloides δ 18 O and Mg/Ca have previously been established for both sediment cores (Martinez-Mendez et al., 2008 . The sampled interval of core MD02-2594 covered the period 3 to 42 ka (MIS1 to mid-MIS3) and included Termination I. Core MD96-2080 covered the period between 117 and 182 ka (MIS5e to MIS6) and included Termination II (Tables 1, 2).
Material and methods

Sediment
Sample preparation
Sediment samples were freeze-dried and homogenized with a mortar and pestle. The homogenized material was then extracted using the accelerated solvent extractor method (ASE) with dichloromethane (DCM) : methanol 9 : 1 (v / v) and a pressure of 1000 psi in three extraction cycles. The total lipid extract was separated over an Al 2 O 3 column into a apolar, ketone and polar fraction using hexane : DCM 9 : 1, hexane : DCM 1 : 1 and DCM : methanol 1 : 1, respectively. The ketone fraction was analyzed for U K' 37 using gas chromatography. Gas chromatography/high-temperature conversion/isotope ratio mass spectrometry (GC/TC/irMS) was used to measure the combined hydrogen isotope composition of the di-and tri-unsaturated C 37 alkenones. The polar fraction was analyzed for TEX H 86 using high-performance liquid chromatography mass spectrometry (HPLC/MS). Stable carbon isotopes of the combined di-and tri-unsaturated C 37 alkenones were analyzed using GC/combustion/irMS. 
U K' 37 analysis
Ketone fractions were analyzed by gas chromatography (GC) using an Agilent 6890 gas chromatograph with a flame ionization detector and a Agilent CP Sil-5 fused silica capillary column (50 m × 0.32 mm, film thickness = 0.12 µm) with helium as the carrier gas. The GC oven was programmed to increase the temperature subsequently from 70 to 130 • C at 20 • C min −1 , and then at 4 • C min −1 to 320 • C, at which it was held isothermal for 10 min. U K' 37 values were calculated according to Prahl and Wakeham (1987) . Subsequently, SST was calculated using the core top calibration established by Müller et al. (1998) .
δD of alkenone analysis
Alkenone hydrogen isotope analyses were carried out on a Thermo Finnigan DELTA Plus XL GC/TC/irMS. The temperature conditions of the GC increased from 70 to 145 • C at 20 • C min −1 , then to 320 • C at 4 • C min −1 , at which it was held isothermal for 13 min using an Agilent CP Sil-5 www.clim-past.net/10/251/2014/ Clim. Past, 10, 251-260, 2014 column (25 m × 0.32 mm) with a film thickness of 0.4 µm and 1 mL min −1 helium at constant flow. The thermal conversion temperature was set to 1425 • C. The H + 3 correction factor was determined daily and ranged between 10 and 14. Isotopic values for alkenones were standardized against pulses of H 2 reference gas, which was injected three times at the beginning and two times at the end of each run. A set of standard n-alkanes with known isotopic composition (Mixture B prepared by Arndt Schimmelmann, University of Indiana) was analyzed daily prior to each sample batch in order to monitor the system performance. Samples were only analyzed when the alkanes in Mix B had an average deviation from their off-line determined value of < 5 ‰. Squalane was co-injected as an internal standard with each sample to monitor the precision of the alkenone isotope values. The squalane standard yielded an average δD value of −167 ‰ ± 4.5, which compared favorably with its offline determined δD value of −170 ‰. Alkenone δD values were measured as the combined peak of the C 37:2 and C 37:3 alkenones (van der Meer et al., 2013) , and fractions were analyzed in duplicates if a sufficient amount of sample material was available. Standard deviations of replicate analyses varied from ±0.1 ‰ to ±5.9 ‰.
δ 13 C of alkenone analyses
Combined C 37:2−3 alkenones were analyzed using a Thermo Delta V isotope ratio monitoring mass spectrometer coupled to an Agilent 6890 GC. Samples were dissolved in hexane and analyzed using a GC temperature program starting at 70 • C, then increasing to 130 • C at 20 • C min −1 , and then to 320 • C at 4 • C min −1 , where it was held for 20 min. The stable carbon isotope compositions for δ 13 C alkenone are reported relative to Vienna Pee Dee Belemnite (VDPB). The δ 13 C alkenone values are averages of at least two runs. GCirMS performance was checked daily by analyzing a standard mixture of n-alkanes and fatty acids, including two fully perdeuterated alkanes with a known isotopic composition. These perdeuterated alkanes were also co-injected with every sample analysis and yielded an average δ 13 C value of −32.5 ± 0.5 ‰ and −27.0 ± 0.5 ‰ for n-C 20 and n-C 24 , respectively. This compared favorably with their offline determined δ 13 C values of −32.7 ‰ and −27.0 ‰ for n-C 20 and n-C 24 , respectively.
TEX H 86 analysis
Analyses for TEX H 86 were performed as described by Schouten et al. (2007) . In summary, an Agilent 1100 series HPLC/MS equipped with an auto-injector and Agilent ChemStation chromatography manager software was used. Separation was achieved on an Alltech Prevail Cyano column (2.1 × 150 mm, 3 µm), maintained at 30 • C. Glycerol dibiphytanyl glycerol tetraethers (GDGTs) were eluted with 99 % hexane and 1% propanol for 5 min, followed by a linear gradient to 1.8 % propanol in 45 min, followed by backflushing hexane/propanol (9 : 1, v / v) at 0.2 mL min −1 for 10 min. Detection was achieved using atmospheric pressure positive ion chemical ionization mass spectrometry (APCI-MS) of the eluent. Conditions for the Agilent 1100 APCI-MS were as follows: nebulizer pressure of 60 psi, vaporizer temperature of 400 • C, drying gas (N 2 ) flow of 6 L min −1 and temperature 200 • C, capillary voltage of −3 kV and a corona of 5 µA (∼ 3.2 kV). GDGTs were detected by single ion monitoring (SIM) of their [M + H] + ions (dwell time = 234 ms) and quantified by integration of the peak areas. The TEX H 86 values and absolute temperatures were calculated according to Kim et al. (2010) . This calibration is recommended for temperature reconstruction above 15 • C (Kim et al., 2010 ) and therefore appears to be the most suitable model for reconstructing subtropical temperatures, as found in the Agulhas leakage area.
Results
Sea surface temperature proxies
The U K' 37 record of MD96-2080 indicated constant temperatures of approximately 20.7 ± 0.5 • C throughout MIS6 (138-182 ka) (Table 1, Fig. 2 ). With the onset of Termination II at approximately 138 ka, temperatures began to increase to a maximum of ∼ 25 • C during early MIS5e (∼ 125 ka), followed by a slight decrease in temperature towards ∼ 23 • C at about 120 ka. The U K' 37 SST record for MD02-2594 indicated relatively constant temperatures of 20 ± 0.5 • C throughout MIS3 and early MIS2 (Table 2, Fig. 3 ). With the onset of Termination I during mid-MIS2 (∼ 18 ka), temperatures showed a slight warming towards ∼ 22 • C at the beginning of MIS1. Throughout MIS1, temperatures slightly decreased to approximately 21 • C.
The overall pattern in the TEX H 86 records for the two cores indicated that absolute temperatures were cooler by up to 5 • C compared to U K' 37 temperatures during glacial and interglacial stages MIS5e and MIS6, as well as MIS3/MIS2 and MIS1. During MIS6, TEX H 86 temperatures were relatively stable at 17 ± 1 • C, although less stable than U K' 37 SST (Table 1, Fig. 2 ). At the initial termination of the glacial MIS6 (ca. 135-138 ka), reconstructed TEX H 86 temperatures increased rapidly to about 22 • C, which is similar in absolute terms compared to U K' 37 SST (Fig. 2) . Subsequently, TEX H 86 SST decreased rapidly to ∼ 20 • C and remained constant during MIS5e. During MIS3 and early MIS2, TEX H 86 SST showed a trend towards cooler temperatures from approximately 17 • C at ∼ 38 ka to 14 • C at the start of Termination I (18 ka) (Table 2, Fig. 3 ). At the onset of Termination I, TEX H 86 SSTs abruptly increased. Temperatures reached a maximum of 19 • C at the beginning of MIS1 (11 ka) and de- creased again to relatively constant temperatures of ca. 18 • C throughout MIS1. This trend is comparable to the U K' 37 SST record, albeit with a negative offset of approximately 4 • C throughout MIS3/MIS2 and MIS1, and approximately 2 • C during the glacial termination phase (11-18 ka) (Fig. 3) .
Stable hydrogen and carbon isotope composition of C 37:2−3 alkenones
The δD alkenone values in core MD96-2080 ranged between −177 and −198 ‰ ( (Fig. 2) . The δD alkenone values in core MD02-2594 ranged between −166 and −192 ‰ (Table 2 ). In the time interval from 12 to 41 ka (MIS3 and MIS2), values for δD alkenone were relatively constant at approximately −174 ± 4 ‰ (Fig. 3) . At ca. 11 ka (onset of MIS1), δD alkenone values shifted to more negative values with an average of −188 ±5 ‰ for the time period of 3 to 9 ka (MIS1) (Fig. 3) . (Figs. 2, 3) . Difference in absolute temperatures may be explained by a variety of reasons such as growth seasons and/or depth habitats between the alkenone producers, the Thaumarchaeota (GDGT producers) and the planktonic Foraminifera (Müller et al., 1998; Bard, 2001; Karner et al., 2001; Wuchter et al., 2006; Lee et al., 2008; Saher et al., 2009; dos Santos et al., 2010; Fallett et al., 2011; Huguet et al., 2011) .
Both U K' 37 and TEX H 86 temperatures suggest cooler conditions throughout stages MIS6 and MIS3/2 (Figs. 2, 3 ). This is followed by an abrupt warming during succeeding glacial terminations, leading to warmer conditions in the interglacial stages MIS5e and MIS1. The pattern fits well with U K' 37 -derived temperature reconstructions from other sediment cores in the area of this study site (Fig. 4) (Schneider et al., 1995; Peeters et al., 2004; Bard and Rickaby, 2009) . Temperature reconstructions based on Mg/Ca and TEX H 86 show that maximum temperatures occurred during the deglaciations. However, U K' 37 temperature reconstructions showed that the SST maximum occurred approximately 5 ka later than in Mg/Ca-and TEX H 86 -based reconstructions. This temperature increase could possibly point towards an increased influence of warm Indian Ocean waters, and hence increased Agulhas leakage. This increased leakage in turn is likely related to a southward shift of the subtropical front due to shifting wind fields and a southward migration of the land ice shields (Peeters et al., 2004) . Nevertheless, these observations do not necessarily imply a buildup of warm Indian Ocean waters prior to glacial terminations at the core site.
Strikingly, the timing of the beginning of the warming trend reflected in the Foraminifera Mg/Ca record of G. bulloides (Martinez-Mendez et al., 2010) is different from the U K' 37 and TEX H 86 records, as well as other U K' 37 records in the region (Fig. 4) (Peeters et al., 2004) .The Mg/Ca SST record identifies a warming trend starting in the early glacial periods and gradually extending over the glacial termination phases (Martinez-Mendez et al., 2010) . Furthermore, a recent study by Marino et al. (2013) also showed a discrepancy between Mg/Ca of the planktonic Foraminifera Globigerinoides ruber and U K' 37 SST. It has been reported that changes in salinity can also affect the Mg/Ca ratios in Foraminifera shells, specifically during glacial periods when salinity was likely elevated (Ferguson et al., 2008; Arbuszewski et al., 2010) . Thus, the observed trends in foraminiferal Mg/Ca may result from a combined salinity and temperature signal (Hönisch et al., 2013) .
Salinity changes during Termination I and Termination II
The C 37:2−3 alkenone hydrogen isotope records consistently show a substantial decrease toward more deuterium-depleted values during the glacial terminations and the interglacial stages MIS5e and MIS1 (Figs. 2, 3) . We quantified changes from glacial to interglacial stages by averaging time intervals from before and after each termination. We observed average shifts in δD alkenone of approximately 14 ‰ for both Termination I and II (Table 3) . These shifts in the δD alkenone values can be caused by a number of factors such as decreasing δD of sea water (δD sw ) as an effect of decreasing global ice volume during the terminations (Rohling, 2000) , ocean salinity, algal growth rate, haptophyte species composition , differences in the hydrogen isotope composition of the C 37:2 and C 37:3 alkenones (D' Andrea et al., 2007; Schwab and Sachs, 2009 ). However, the latter factor is likely unimportant, as for the range of U K' 37 values observed in this study we expect a maximum difference of 4 ‰ in the hydrogen isotope composition between C 37:2 and C 37:3 , which falls within the accuracy of the GC/TC/irMS (van der Meer et al., 2013) .
In order to assess changes in growth rate for the haptophytes, we measured the stable carbon isotope composition of the combined C 37:2−3 alkenones (δ 13 C alkenone ) (Tables 1, 2). Our results show relatively small changes of about −0.6 ‰ and −0.3 ‰ in δ 13 C alkenone during Termination I and II, respectively. The fractionation of stable carbon isotopes is mainly controlled by physiological factors like growth rate, cell size and geometry, as well as by the supply of dissolved CO 2 (Rau et al., 1996; Bidigare et al., 1997) . The more depleted alkenone δ 13 C values during interglacials suggest either slightly higher dissolved CO 2 concentrations or lower growth rates. We suggest that higher dissolved CO 2 concentrations likely explain the more depleted alkenone δ 13 C values as CO 2 concentrations were higher during interglacials compared to glacials (Curry and Crowley, 1987) . Since reduced growth rates would result in decreasing hydrogen isotopic fractionation, our observed increase in hydrogen isotopic fractionation during interglacials compared to glacials cannot be explained by growth rate changes . Species changes could also explain the observed hydrogen isotope shift. Assemblage studies in the Agulhas leakage have shown an increasing abundance of the predominant haptophyte E. huxleyi from the beginning of MIS7 towards MIS1, with a maximum relative abundance observed at the onset of MIS1 (Flores et al., 1999) . G. oceanica, however, reaches maximum relative abundances during Termination II (Flores et al., 1999) . Changes in the coccolithophore assemblage toward a larger fraction of G. oceanica could have resulted in more negative δD alkenone values during that time since G. oceanica fractionates more against D than E. huxleyi . However, the abundance of (Srivastava et al., 2010) and the local δD sw derived from δ 18 O of G. bulloides (Martinez-Mendez et al., 2010) for the intervals of before and after Termination I and II. Term. I before (3.5-8.6 ka, n = 5) −188 ± 5 0.06 ± 0.05 0.7 ± 0.4 −0.4 ± 0.9 after (18-37.4 ka, n = 11) −174 ± 4 0.83 ± 016 6.3 ± 1.2 6.5 ± 2.6
Term. II before (117.7-129.8 ka, n = 9) −194 ± 3 0.00 ± 0.05 0.3 ± 0.4 −0.5 ± 2.7 after (141.2-162.3 ka, n = 8) −180 ± 3 0.88 ± 013 6.7 ± 0.9 9.6 ± 2.4
G. oceanica never exceeded the relative abundance of E. huxleyi, and it is therefore unlikely that species composition changes had a large impact on δD alkenone values during Termination II. During Termination I E. huxleyi reached its maximum relative abundances compared to G. oceanica (Flores et al., 1999) possibly resulting in more positive δD alkenone values rather than the observed trend toward more depleted values . Therefore, the observed trends towards more depleted values in the δD alkenone during the glacial terminations are most likely not affected significantly by changes in the coccolithophore species composition. Thus, our observed isotope shifts can likely only be explained by a shift in the δD of water, through global ice volume changes, and/or salinity. We estimate the effect of changes in global ice volume on the δD alkenone by using the global mean ocean δ 18 O sw record based on benthic Foraminifera and calculated an equivalent δD sw record by applying a local Indian Ocean meteoric waterline (Srivastava et al., 2010) . Changes in global δD sw due to the ice volume effect are estimated to be approximately −6 ‰ during both terminations (Table 3 ). This shift is smaller than that observed in δD alkenone , suggesting an increase in hydrogen isotopic fractionation during the two terminations.
The residual δD alkenone shift likely reflects changes in sea surface salinity. We find alkenones relatively enriched in D during the glacials MIS6 and MIS2/3 and relatively depleted in D during MIS5e and MIS1, suggesting lower salinities during interglacials compared to glacials (Figs. 2, 3) . Indeed, reconstructed δ 18 O sw from the planktonic Foraminifera G. bulloides also indicates higher salinity throughout the glacials MIS6 and MIS3/MIS2 (Figs. 2, 3 ) (Martinez-Mendez et al., 2010) . However, alkenone δD values begin to shift toward more depleted values shortly before the start of Termination II, at approximately 135 ka, whereas the initial freshening recorded in the δ 18 O sw begins at about 133 ka (Fig. 2) . Similar diverging trends are noted for reconstructed δ 18 O sw derived from the planktonic Foraminifera G. ruber . The most depleted values are reached in both reconstructed δ 18 O sw and δD alkenone during early MIS5e at about 128 ka (Fig. 2) . Higher salinity conditions are also observed throughout MIS3/MIS2 in reconstructed δ 18 O sw and δD alkenone (Fig. 3) followed by freshening trends starting during early Termination I (∼ 18 ka). The offset in timing of the start of the freshening trends between the different proxies is similar to that observed in the Mg/Ca and U K' 37 temperature records. This might be explained by differences in depth habitat between haptophyte algae and the Foraminifera and/or salinity effects on Mg/Ca and consequently the reconstructed δ 18 O sw record. Despite the discrepancy in the timing of the start of the freshening events, an overall increase in salinity is recorded in both δ 18 O sw and δD alkenone during glacial stages MIS6 and MIS3/5. This is followed by a rapid decrease in salinity during the terminations. The fresher conditions prevail during the subsequent interglacial stages.
Absolute salinity estimates are difficult to obtain from the δD alkenone due to the uncertainties in both the slope and intercept of the culture calibrations and other variables (Rohling, 2007) . However, by estimating relative salinity changes only, using the slope of the δD alkenone -salinity relationship, we avoid uncertainties related to the intercept. This provides an added advantage that the slopes for E. huxleyi or G. oceanica are nearly identical (i.e., 4.8 ‰ and 4.2 ‰ δD alkenone per salinity unit, respectively; Schouten et al., 2006) . Estimations for relative salinity changes from δD alkenone result in a freshening trend of approximately 1.7-1.9 salinity units during the course of Termination I and II. These results are in fairly good agreement with the estimated salinity shift of 1.2-1.5 based on combined Mg/Ca SST estimates and δ 18 O of G. bulloides for these time periods (Martinez-Mendez et al., 2010) . However, they both seem to differ from the δ 18 O sw record based on G. ruber, which indicates no salinity difference between glacial-interglacial and only an intermittent shift during the terminations .
Paleoceanographic implications
Based on the reconstructed SST and relative SSS records, we suggest that increased salinity during glacial periods and subsequent freshening during the glacial terminations can be explained by the efficiency of the Agulhas leakage (i.e., the volume transport of water from the Indian Ocean to the South Atlantic). According to Peeters et al. (2004) , U K' 37 SST maxima correspond to maximum Agulhas leakage, as seen in the planktonic Foraminifera Agulhas leakage fauna, during glacial Termination I and II. We observe enriched δD alkenone values, suggesting increased salinity, coinciding with reduced Agulhas leakage during glacial stages MIS6 and MIS2/3. We suggest that with reduced throughflow and increased residence time of Indian Ocean water, the surface waters become relatively more saline and cooler in the Agulhas region, including the Agulhas leakage area. In contrast, with higher transport rates the surface waters will retain more of the original temperature and salinity resulting in the reconstructed lower salinities and higher temperatures. Thus, temperature and salinity are likely decoupled in this setting. In this case, heat loss is enhanced when water masses flow polewards. Salinity, however, will be retained, and during low through-flow situations in relatively dry glacial periods, evaporation will increase sea surface salinity. At the same time, the limited precipitation and river runoff in this region will not counteract this increase sufficiently. However, the absolute amount of salt that is released into the Atlantic Ocean would still increase during terminations due to the increased flow, even though the surface waters become less saline. Consequently, this would lead to increasing the Atlantic Meridional Overturning Circulation (Bard and Rickaby, 2009; Haarsma et al., 2011) .
Conclusions
In this study, we analyzed two sediment cores from the Agulhas leakage area covering Termination I and Termination II. We combined TEX H 86 and U K' 37 SST reconstructions with a previously reported SST record based on Mg/Ca of the planktonic Foraminifera G. bulloides (Martinez-Mendez et al., 2010) . Sea surface temperatures reconstructed from three different proxies indicated relatively low temperature conditions throughout the late glacials MIS6 and MIS2/3 in the Agulhas leakage area, and at the onset of the deglaciation (Termination I and II) temperatures increase significantly. Relative salinity changes were reconstructed using δD alkenone , which showed a shift from more positive values to more negative values during Termination I and Termination II suggesting elevated salinities during glacial periods, with subsequent freshening during glacial terminations. Similar trends in glacial to interglacial salinity changes were also observed based on planktonic Foraminifera δ 18 O sw reconstructions. Estimated salinity changes, based on δD alkenone , range from 1.7 to 1.9 salinity units for Termination I and II. This is in fairly good agreement with salinity shifts based on the paired Mg/Ca and δ 18 O approach of the planktonic Foraminifera G. bulloides. Our results therefore suggest an increased release of slightly less saline Indian Ocean water to the South Atlantic Ocean during the terminations than during the glacials, but with a net increase in salt transport during interglacials due to the higher throughflow.
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